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tiated by previous evidence demonstrating that neurons in both the CMAc and SMA exhibit movement-related activity during the execution of movement (Backus et al. 2001; Cadoret and Smith 1997; Crutcher et al. 2004; Nachev et al. 2008; Nakajima et al. 2013; Paus 2001; Picard and Strick 1996; Shima et al. 1991; Shima and Tanji 1998; Tanji 1994) .
Furthermore, human imaging studies have shown that both the CMAc and SMA are involved in movement with either hand (Babiloni et al. 2003; Baraldi et al. 1999; Diedrichsen et al. 2006; Immisch et al. 2001; Kollias et al. 2001; Naito et al. 2007; Roland et al. 1980) , which suggests that these areas, as well as the lateral aspect of area 6 (Cisek et al. 2003; Hoshi and Tanji 2000; Kurata 2010; Rizzolatti et al. 1987) , contribute to bilateral hand movement. In fact, SMA neurons that represent ipsilateral and contralateral hand movement have been identified (Tanji et al. 1987 (Tanji et al. , 1988 . A previous study conducted by our research group demonstrated that CMAc neurons represent contralateral and ipsilateral hand movements in a counterbalanced fashion, whereas SMA neurons preferentially represent contralateral hand movement (Nakayama et al. 2015) . On the basis of these findings, the present study attempted to identify the area-specific computational processes underlying the generation of hand movement using analyses of local field potentials (LFPs) .
Electrophysiological studies have demonstrated movementrelated power modulations in the theta (3-8 Hz; Igarashi et al. 2013), beta (12-30 Hz; Baker et al. 1997; Donoghue et al. 1998; Murthy and Fetz 1992 , 1996a , 1996b Sanes and Donoghue 1993; Spinks et al. 2008), gamma (30 -80 Hz; Chen et al. 2010; Hosaka et al. 2015; Ohara et al. 2000 Ohara et al. , 2001 , and high-gamma (80 -120 Hz; Crone et al. 1998; Heldman et al. 2006; Leuthardt et al. 2004; Miller et al. 2007; Pfurtscheller et al. 2003; Rickert et al. 2005 ) frequency bands. LFPs are extracellularly recorded potentials with frequencies of up to ϳ500 Hz that reflect potential changes from multiple sources, including postsynaptic potentials and action potentials, within a few hundred micrometers of the recording site Einevoll et al. 2013) . LFPs are considered to primarily reflect postsynaptic potentials, that is, inputs to an area (Logothetis 2002; Logothetis et al. 2007; Logothetis and Wandell 2004) , and it has been shown that the power of the high-gamma band of LFPs is correlated with spiking activities (Belitski et al. 2008; Chen et al. 2010; Liu and Newsome 2006; Ray et al. 2008c) . These findings indicate that high-gamma bands contain information encoded by spiking activities, that is, the outputs of local circuits ; Ray et al. 2008b ; Ray and Maunsell 2011) . Taken together, these observations indicate that even though LFPs generally reflect postsynaptic membrane potentials (i.e., input signals), the high-gamma bands of LFPs contain information concerning spiking activity (i.e., output signals).
On the basis of these assumptions, it was hypothesized that an analysis of distinct bands of LFPs would reveal insights regarding input-output transformations within the local circuits of the CMAc and SMA for the generation of control signals for hand movement. Thus the present study analyzed the three bands of LFPs (high-gamma, theta, and beta bands) exhibiting strong modulations while monkeys performed a button-press movement with either the contralateral or ipsilateral hand (Nakayama et al. 2015) . The present findings demonstrated that high-gamma, theta, and beta activity in the CMAc and SMA encoded hand movement in band-and area-specific manners, which suggests that these brain areas may employ distinct input-output relationships during the control of ipsilateral and contralateral hand movements.
MATERIALS AND METHODS

Animals and apparatus.
Two male Japanese monkeys (Macaca fuscata), monkey 1 (8.0 kg) and monkey 2 (10.0 kg), were used in the present study. They were cared for according to National Institutes of Health guidelines and the Guidelines of the Tokyo Metropolitan Institute of Medical Science, and all animal care and experimental procedures were approved by the Animal Care and Use Committee of the Tokyo Metropolitan Institute of Medical Science.
During the experimental sessions, each monkey sat in a primate chair with its head restrained and both forelimbs comfortably secured in plastic cylinders with straps. The palms of the monkey were situated over two small push buttons (diameter: 23 mm) to allow for the pressing of each button by the movement of only one hand. A 19-in. LCD monitor was placed 22 cm in front of the monkey, and its eye position was monitored at 240 Hz with an infrared eye-tracking system (resolution: 0.25°visual angle; RHS-M, Applied Science Laboratories, Bedford, MA). The TEMPONET system (Reflective Computing, Olympia, WA) was used to control the behavioral task and to deliver the reward by triggering the opening and closing of a solenoid valve with a precision of 1 ms.
Surgery. Before the physiological recording, each monkey was implanted with plastic pipes to fix its head and to install a chamber to allow access to the cortices. Anesthesia was induced with ketamine hydrochloride (10 mg/kg im) with atropine sulfate, and an aseptic surgery was then performed while anesthesia was maintained with pentobarbital sodium (20 -25 mg/kg iv). Antibiotics and analgesics were also used to prevent infection and pain, respectively. Polycarbonate and titanium screws were implanted in the skulls of the monkeys, and two plastic pipes were rigidly attached with acrylic resin. Additionally, a part of the skull over the left frontal lobe of each monkey was removed and a recording chamber was implanted with the resin to permit access to the CMAc and SMA.
Behavioral task. The monkeys were trained to perform a buttonpress task that required them to press one small button with either the right or left hand or to press both buttons with both hands based on the instructions provided by visual go signals presented on the LCD display (Fig. 1A) . A trial commenced when the monkey gazed at a white circle (1.4°visual angle, central fixation point) presented at the center of the display. If the monkey continued to fixate on the circle for 500 ms, the circle disappeared and either one or two white squares (2.7°visual angle, visual go signal) were simultaneously presented on either or both the right and/or the left side (4.1°eccentricity) of the central fixation point in conjunction with a 1,000-Hz tone. A white square that appeared on either the right or the left side of the central fixation point instructed the monkey to press either the right or the left button, respectively, and the simultaneous presentation of two squares on both sides of the central fixation point instructed the monkey to press both buttons. Additionally, the go signal [i.e., the presentation of the white square(s) and the tone] occurred either once, which required a single movement, or twice, which required two movements. In the trials requiring two movements, each of the first and second go signals was randomly selected from the three movement types, which resulted in nine combinations of the first and second movements. Of these trial types, the present study focused on trials in which a single movement of either the left or the right hand was required.
Each monkey was required to respond within 3.0 s of the visual go signal (visible condition). During the single-movement trials, a correct response immediately led to the disappearances of the visual go signal and the tone. A drop of apple juice was delivered 650 ms later as a reward, which was followed by an intertrial interval Ն 3 s. An incorrect response (pressing the button that did not conform to the visual go signal) led to the immediate disappearance of the visual go signal and the presentation of a low tone (153 Hz) for 0.5 s to indicate that the monkey had made an erroneous response. In this case, an intertrial interval Ն 3 s occurred without the delivery of a reward. An identical visual go signal was repeatedly presented in successive trials in a given block (i.e., block design). In addition to the trials under the visible condition, 60% of the trials in the latter part of each block (after Ͼ10 successful trials) consisted of the presentation of a 1,000-Hz tone (auditory go signal) in the absence of a visual go signal (invisible condition). Under the invisible condition, the monkeys were still able to perform the task because the identical movement had been previously executed in that particular block of trials. We adopted the block design to investigate the neural mechanisms underlying movement execution per se with minimal demands on cognitive processes, such as action selection. This task design allowed us to compare neural activity under the visible condition with that under the invisible condition. In Ͼ90% of cases, each block consisted of 13-21 trials. When each block ended, five bursts of a 1,000-Hz tone were presented to indicate that a new block of trials would follow. The types of movement required in the subsequent blocks were selected randomly.
Physiological recording. All neural activity was recorded with a linear-array multicontact electrode that had 24 contacts with a spacing of 150 m (Plexon, Dallas, TX). The electrode was inserted into the brain through a 25-gauge guide tube that penetrated the dura mater under the power of a hydraulic microdrive (MO-971, Narishige, Tokyo, Japan) that moved in micrometer steps. To record neural activity in the SMA, the guide tube and electrode were inclined at a 10°angle lateral to the vertical axis to avoid causing bleeding from the superior sagittal sinus. To record neural activity in the CMAc, the guide tube and electrode were set vertically in the dorsoventral direction. The LFPs were amplified, filtered (band-pass filter: 1 Hz to 3 kHz), digitized with a sampling rate of 6,104 Hz, and then stored on a laboratory computer (Z210, Hewlett-Packard, Palo Alto, CA). We set the high-cut frequency of the band-pass filter higher (3 kHz) than usual to accommodate a possible future investigation. However, because the sampling rate was sufficiently high (6,104 Hz) to prevent aliasing, data in the range of 2-120 Hz, the frequency range we analyzed in the present study, were immune from any adverse effects. To minimize far-field contributions, the LFPs were recorded with reference to the metallic probe that held and surrounded the contacts. Additionally, electromyographic (EMG) activity was recorded at 1,000 Hz with pairs of single-stranded Teflon-coated stainless steel wires (diameter: 0.0762 mm; A-M Systems, Sequim, WA) that were inserted percutaneously. All EMG activity was amplified and digitized with an A/D converter, and the digital values were stored on the laboratory computer.
Neural activity was recorded from the left CMAc and SMA of the two monkeys. The somatotopic organizations of the CMAc and SMA were revealed by the neuronal responses evoked by somatosensory stimuli and the body movements produced by intracortical micro-stimulation (ICMS) applied through the tip of glass-coated tungsten electrodes inserted into these brain regions (Luppino et al. 1993; Matsuzaka et al. 1992; Mitz and Wise 1987; Richardson et al. 2008; Shima et al. 1991; Takada et al. 2001) We analyzed LFPs recorded in and around the forelimb regions of the CMAc and SMA ( Fig. 1B; reproduced from the MR images; see Fig. 1C in Nakayama et al. 2015) .
Analysis of LFPs. LFPs from all contacts of the electrodes were analyzed, except for contacts with artifacts or a drift of power. The analyses of the LFPs were performed with Chronux, which is an open-source software for the analysis of neural signals (Bokil et al. 2010) , and in-house codes written in MATLAB R2012a (MathWorks, Natick, MA). During preprocessing, 50-Hz line noise and its harmonics were removed from the LFP data with the "rmlinesc" function of Chronux.
The time-frequency representation of each trial was obtained with a wavelet transformation by convolving the LFP with complex Morlet wavelets w(t, f):
where t is time; f is frequency, which increased from 2 to 120 Hz in 45 logarithmically spaced steps; and defines the width of each frequency band, where n is the number of wavelet cycles, increased from 3 to 10 in logarithmic steps. These wavelet parameter settings were selected to adjust the balance between temporal and frequency precision across the frequency range (Cohen 2014) . From the resultant complex signal, an estimate of frequency band-specific power at each time point was defined as the squared magnitude of the result of the convolution {real[z(t)] 2 ϩ imag[z(t)] 2 } (Cohen 2014) . The timefrequency map of the power was aligned with the moment of the button press and averaged across trials of the same trial type (i.e., right-or left-press trials under the visible condition), which resulted in a time-frequency power map for each contact. To remove 1/f power scaling and background activity and facilitate quantitative analyses across electrode sites, brain areas, and subjects (Chen et al. 2010; Cohen 2014) , each time-frequency map was normalized with a decibel (dB) transform (dB power ϭ 10 ϫ log10[power/baseline]), where baseline activity was taken as the average power at each frequency, averaged across the right-and left-press trials under the visible condition, over an interval of Ϫ500 ms to 1,000 ms relative to the button press. The baseline time period for normalizing powers was defined as the entire trial, because we were interested in phasic changes in power within trials rather than sustained changes in power throughout the trial period (Cohen 2014) . Indeed, using this definition, we successfully detected phasic changes (representing both increases and decreases) in power associated with movement by the two monkeys (Fig. 2) .
To provide an overview of which frequency band exhibited power modulations that were associated with hand movements, the timefrequency power map was averaged across all channels separately for the right-and left-press trials, and we calculated the power spectrum as a function of frequency for the movement period (from Ϫ200 ms to 0 ms prior to the completion of the button press). We defined the movement period relative to the completion of the button press because this provided an accurate timing measure, and the time between initiation and completion of the button press was extremely short (Ͻ100 ms). Because we observed a power increase in the high-gamma (80 -120 Hz) and theta (3-8 Hz) bands and a power decrease in the beta (12-30 Hz) band in both the CMAc and SMA (see RESULTS) , the present study focused on power changes within these frequencies.
The present study attempted to characterize the power modulations associated with hand movements rather than with visual responses to the visual go cue. To exclude responses of a visual nature, we examined whether the visibility of the go signal influenced the power of the theta, beta, or high-gamma bands; each frequency band was analyzed separately. Baseline power was calculated by averaging power throughout the trial (from Ϫ500 ms to 1,000 ms relative to the button press) across both the visible and invisible conditions. Subsequently, the relative power changes under the visible and invisible trials were separately determined by subtracting the baseline power in logarithmic form. The resultant power change during the movement period was statistically compared with a Welch's t-test between the visible and invisible conditions. When a significant difference (P Ͻ 0.05) between the visible and invisible conditions was observed, the LFP band was considered to be visual related, and it was excluded from the subsequent analyses because the focus of the present study was on movement-related activity.
Thus we examined whether the frequency band of each of the LFP bands without visual-related power changes showed movement-related power changes. For this analysis, the baseline power of each frequency band was calculated by averaging power throughout the trial (from Ϫ500 ms to 1,000 ms relative to the button press) across both the right-and left-press trials under the visible condition. Subsequently, the change in power was determined by subtracting the baseline power for each frequency in logarithmic form, and a onesample t-test was performed to assess whether the mean power change during the movement period was significantly different from zero. If there was a significant (P Ͻ 0.05) change in power, the power change was considered to be movement related. For the movement-related power changes, a second t-test (␣ ϭ 0.05) was conducted to compare the mean power change in the right-press trials with that in the left-press trials. According to the results of the second t-test, the movement-related power changes were exclusively classified into three types: 1) contralateral type, or where the absolute power change in the right-press trials was significantly greater than that in the left-press trials; 2) ipsilateral type, or where the absolute power change in the left-press trials was significantly greater than that in the right-press trials; and 3) bilateral type, or where the absolute power change did not differ between the right-and left-press trials.
To quantify the degree of the laterality representation of the LFPs, a laterality index was calculated with the following formula:
In this formula, LP contra is the LFP power change in the right-press trials (i.e., hand contralateral to the recorded left hemisphere) and for the right-press and left-press trials. The time-frequency maps (power changes in dB, aligned with the button press separately for the right-and left-press trials) of all the LFPs were averaged and, subsequently, the power changes of the movement period (200 ms before button press) were averaged for each frequency. Power change (y-axis) is plotted as a function of frequency (x-axis). n, Number of contacts analyzed. Bottom: differences in power changes between the right-press and left-press trials as a function of frequency. Power changes in the left-press trials were subtracted from those in the right-press trials.
LP ipsi is the LFP power change in the left-press trials (i.e., hand ipsilateral to the recorded left hemisphere). This index ranges from Ϫ1 to ϩ1 and includes information regarding the extent of selectivity (the greater the absolute value, the greater the selectivity) and laterality (positive for contralateral preference and negative for ipsilateral preference).
RESULTS
By recording EMG activity, we confirmed that muscles not required for pressing the button with the targeted hand (i.e., the deltoid, trapezius, supraspinatus, infraspinatus, biceps, triceps, neck, and paravertebral muscles) did not exhibit changes in activity, whereas the muscle that was required (the flexor carpi ulnaris of the targeted hand) exhibited phasic bursts of activity during movement execution (Nakayama et al. 2015) . These observations indicate that the neural activity analyzed in the present study was not affected by the muscle movements accompanying undesired movement, such as postural adjustment, but reflected the movement of pressing the button with the targeted hand.
Overall frequency spectrum of LFP activity. In the present study, LFPs were recorded from the CMAc and SMA while the monkeys performed a button-press task with either hand ( Fig.  1 ) under both visible and invisible conditions. A total of 2,091 contacts in the CMAc (1,343 in monkey 1 and 748 in monkey 2) and 1,312 contacts in the SMA (873 in monkey 1 and 439 in monkey 2) were analyzed. The LFPs analyzed here were recorded simultaneously with spiking activity, whose properties have been described in a prior report (Nakayama et al. 2015) , suggesting that the LFPs were recorded from gray rather than white matter. The overall frequency spectra during the movement period (from 200 ms prior to the button press) in the CMAc ( Fig. 2A for monkey 1 and Fig. 2C for monkey 2) and SMA ( Fig. 2B for monkey 1 and 2D for monkey 2) revealed that powers greater than ϳ60 Hz and less than 10 Hz exhibited a marked increase. In the right-press trials, the peaks of the modulation were observed in the theta and high-gamma bands in both the CMAc (75.4 Hz and 4.6 Hz in monkey 1, 82.7 Hz and 5.1 Hz in monkey 2, respectively) and SMA (82.7 Hz and 5.6 Hz in monkey 1, 99.6 Hz and 6.7 Hz in monkey 2, respectively). In addition, a marked power decrease was found in the range of 10 -40 Hz in the CMAc and SMA. The power trough in the right-press trial was observed in the range of the beta band in both the CMAc (11.7 Hz in monkey 1 and 24.7 Hz in monkey 2) and SMA (12.9 Hz in monkey 1 and 17.0 Hz in monkey 2). Thus the present study focused on the frequency bands from 80 to 120 Hz (high-gamma band), from 3 to 8 Hz (theta band), and from 12 to 30 Hz (beta band).
Exclusion of visual-related activity. In the next stage of analysis, we examined whether a visual response might be responsible for the observed power modulations by conducting comparisons of power across the visible and invisible conditions. This analysis revealed that 6.9% (145 of 2,091 contacts; 96 of 1,343 contacts in monkey 1, 49 of 748 contacts in monkey 2) of the high-gamma band, 21.1% (441 of 2,091 contacts; 388 of 1,343 contacts in monkey 1, 53 of 748 contacts in monkey 2) of the theta band, and 20.5% (428 of 2,091 contacts; 408 of 1,343 contacts in monkey 1, 20 of 748 contacts in monkey 2) of the beta band in the CMAc exhibited significant differences in power between the conditions (Welch's t-tests; ␣ ϭ 0.05). In the SMA, 11.5% (151 of 1,312 contacts; 110 of 873 contacts in monkey 1, 41 of 439 contacts in monkey 2) of the high-gamma band, 12.5% (164 of 1,312 contacts; 133 of 873 contacts in monkey 1, 31 of 439 contacts in monkey 2) of the theta band, and 23.7% (311 of 1,312 contacts; 290 of 873 contacts in monkey 1, 21 of 439 contacts in monkey 2) of the beta band exhibited significant differences in power between the conditions (Welch's t-tests, ␣ ϭ 0.05). The contacts that showed a significant difference in power between the visible and invisible conditions were excluded from subsequent analyses, which focused on contacts with power changes that were considered to represent movement execution per se: high gamma in the CMAc (n ϭ 1,946; 1,247 in monkey 1, 699 in monkey 2), theta in the CMAc (n ϭ 1,650; 955 in monkey 1, 695 in monkey 2), beta in the CMAc (n ϭ 1,663; 935 in monkey 1, 728 in monkey 2), high gamma in the SMA (n ϭ 1,161; 763 in monkey 1, 398 in monkey 2), theta in the SMA (n ϭ 1,148; 740 in monkey 1, 408 in monkey 2), and beta in the SMA (n ϭ 1,001; 583 in monkey 1, 418 in monkey 2).
Movement-related activity. Figure 3 presents two examples of the LFP time-frequency maps that were recorded from the CMAc (Fig. 3A) and SMA ( Fig. 3B ). In both cases, power increases were observed before the button press in both the high-gamma and theta bands, as evidenced by the overall frequency spectrum (Fig. 2 ). Both the high-gamma and theta band power increases were comparable between the right-and left-press trials in the CMAc (Fig. 3A) , whereas in the SMA the power increase in the theta band was comparable between the right-and left-press trials but the power increase in the highgamma band was more pronounced in the right-press trials than in the left-press trials ( Fig. 3B ). In addition, power decreases were found in the beta band in the right-and left-press trials in both brain areas (Fig. 3, A and B) .
To systematically examine whether the power changes observed in the high-gamma, theta, and beta bands of individual LFPs showed movement-related modulation, the power during the movement period was compared with the power in the baseline period (see MATERIALS AND METHODS for definitions; t-test, ␣ ϭ 0.05). With respect to the high-gamma band, movement-related power increases were observed in 49% of the LFPs in the CMAc (947 of To examine the population profiles of the power changes in relation to the button press, the grand median of the movementrelated power changes was calculated (Fig. 4) . For both the high-gamma and theta bands, the power increase in the rightpress trials was generally greater than that in the left-press trials, but this trend was much more pronounced in the SMA than in the CMAc. During the movement period, the difference in power between the right-press and left-press trials was greater in the SMA than in the CMAc for both the high-gamma and theta bands (Wilcoxon-Mann-Whitney test, P Ͻ 0.0001).
With regard to the beta band, the difference in power between the right-press and left-press trials did not differ between the SMA and CMA (Wilcoxon-Mann-Whitney test, P ϭ 0.0671). Additionally, around the time of the button press (from Ϫ400 ms to 400 ms), a significantly greater increase in power in the right-press trials than in the left-press trials (Wilcoxon-MannWhitney test, ␣ ϭ 0.05, corrected with a Bonferroni test for multiple comparisons) was more often observed in the SMA than in the CMAc {Fig. 4; high-gamma band: 85% [681/800 ms (significant times/all times)] vs. 24% (189/800 ms), respectively, and theta band: 55% (440/800 ms) vs. 21% (164/800 ms), respectively}. In the beta band, a significantly greater decrease in power in the right-press trials relative to the left-press trials was observed more often in the CMAc than in the SMA [80% (636/800 ms) vs. 24% (191/800 ms), respectively].
Subsequently, the onset time of these movement-related activities was calculated by identifying the first of a series of consecutive 61 bins (i.e., 10 ms) that exhibited a significant increase relative to the baseline power (sign test, P Ͻ 0.05, corrected with a Bonferroni test for multiple comparisons; Table 1 ). Irrespective of the brain area, the frequency band, and the hand used to press the button, the onset time preceded muscle activity (flexor carpi ulnaris); onset of LFP effects occurred from Ϫ322 ms to Ϫ164 ms relative to the button press compared with onset of muscle activity from Ϫ135 ms to Ϫ94 ms (Nakayama et al. 2015) . Furthermore, for each of the high-gamma and theta bands both the onset time and the peak time occurred earlier in the SMA than in the CMAc, except during the left-press trials for the theta band. In contrast, for the beta band both the onset time and the peak time occurred earlier in the CMAc than in the SMA (Table 1) .
Classification of movement-related activity. Next, the movement-related power changes were classified into the three categories by directly comparing the power changes between the right-and left-press trials ( Table 2 ; t-test, ␣ ϭ 0.05). The first category was the contralateral type, in which the absolute power change was significantly greater in the right-press trials than in the left-press trials; examples of the contralateral type are shown in Fig. 5A (high-gamma band), Fig. 5D (theta band), and Fig. 5G (beta band). The second category was the ipsilateral type, in which the absolute power change was significantly greater in the left-press trials than in the right-press trials; examples of the ipsilateral type are shown in Analysis of laterality representations. To quantify the degree to which movement-related power changes represented contralateral vs. ipsilateral hand movements, a laterality index was calculated for each movement-related power change (see MA-TERIALS AND METHODS). First, the distribution of the laterality indexes for the high-gamma band was analyzed. In the CMAc, the peak of the distribution was close to zero, with cases gradually decreasing in both directions (toward Ϫ1 and 1), and the median of the laterality indexes was significantly greater than zero in monkey 1 ( Fig. 6A ; median ϭ 0.0306; Wilcoxon signed-rank test, P ϭ 0.0128). In monkey 2 (Fig. 6C) , the peak of the distribution was slightly skewed toward positive values, and the median was significantly greater than zero (median ϭ 0.2788; Wilcoxon signed-rank test, P Ͻ 0.0001). The distri- bution of the indexes in the SMA (Fig. 6 , B and D) was skewed toward 1, and the median of the laterality indexes was significantly greater than zero in both monkeys (median ϭ 0.3242 in monkey 1 and 0.4838 in monkey 2; Wilcoxon signed-rank test, P Ͻ 0.0001 for each monkey). A comparison between the CMAc and the SMA revealed that in each monkey the median of the laterality indexes was significantly greater in the SMA than in the CMAc (Wilcoxon-Mann-Whitney test, P Ͻ 0.0001 for each monkey).
The distribution of the laterality indexes for the theta band was analyzed in the same manner. In the CMAc of monkey 1 (Fig.  7A ), a majority (51%) of the laterality indexes were distributed between Ϫ0.5 and 0.5, with 46% exhibiting values Ͼ 0.5. The median of the laterality indexes was significantly greater than zero (median ϭ 0.3873; Wilcoxon signed-rank test, P Ͻ 0.0001). In monkey 2 (Fig. 7C) , most (83%) of the laterality indexes were distributed between Ϫ0.5 and 0.5, and the median of the laterality indexes did not differ from zero (median ϭ Ϫ0.0264; Wilcoxon signed-rank test, P ϭ 0.2047). In the SMA of monkey 1 (Fig.  7B) , the distribution was skewed toward 1. In most cases (62%), the indexes had values Ͼ 0.5 and the median of the indexes was much greater than zero (median ϭ 0.6136; Wilcoxon signed-rank test, P Ͻ 0.0001). In monkey 2 (Fig. 7D) , in most cases (87%) the indexes were distributed between Ϫ0.5 and 0.5 and the median was close to zero, although it was significantly greater than zero (median ϭ 0.0730; Wilcoxon signed-rank test, P ϭ 0.0085). A comparison between the CMAc and SMA revealed that the median of the laterality indexes in the SMA was significantly greater than that in the CMAc in both monkeys (Wilcoxon-Mann-Whitney test, P Ͻ 0.0001 in monkey 1 and P ϭ 0.0074 in monkey 2).
We subsequently analyzed the distribution of the laterality indexes of the beta band. In the CMAc, the peak of the distribution and the median were close to zero in both monkeys (0.0532 in monkey 1 and 0.0205 in monkey 2). The median was significantly greater than zero in monkey 1 (Fig. 8A ; Wilcoxon signed-rank test, P Ͻ 0.0001) but not in monkey 2 ( Fig. 8C ; P ϭ 0.4160). In the SMA (Fig. 8, B and D) , the peak of the press separately for the right-press and left-press trials and the peak time relative to the button press (ms) is indicated for the right-press and left-press trials. Light green background areas indicate the periods in which the power change for the right-press trials was significantly greater than that for the left-press trials (Wilcoxon-Mann-Whitney test, ␣ ϭ 0.05, corrected with a Bonferroni test for multiple comparisons). Light orange background areas indicate the periods in which the power change for the left-press trials was significantly greater than that for the right-press trials (Wilcoxon-Mann-Whitney test, ␣ ϭ 0.05, corrected with a Bonferroni test for multiple comparisons).
distribution was slightly shifted toward positive values, the indexes rarely exhibited values less than Ϫ0.5 [1% (2/315) in monkey 1 and 1% (2/178) in monkey 2], and the median was significantly greater than zero in both monkeys (median ϭ 0.1689 in monkey 1 and 0.1242 in monkey 2; Wilcoxon signed-rank test, P Ͻ 0.0001 for each monkey). A comparison between the CMAc and the SMA revealed that the median of the laterality indexes in the SMA was significantly greater than that in the CMAc in each monkey (Wilcoxon-Mann-Whitney test, P Ͻ 0.0001 in monkey 1 and P ϭ 0.0123 in monkey 2). These results revealed that, for each band, contralateral hand movements were preferentially represented in the SMA over the CMAc in the two monkeys. On the basis of these findings, in the following sections we attempt to characterize features of the LFP power changes. Since the basic findings were commonly observed in the two monkeys, hereafter we pool the LFPs from the two monkeys.
Population time courses of contralateral, ipsilateral, and bilateral power changes. Next, the population time courses of the power changes of a contralateral type, an ipsilateral type, and a bilateral type for each frequency band were examined separately (Figs. 9-11) . Irrespective of the frequency band and brain region, the power change began prior to the button press and peaked (high-gamma and theta band) or troughed (beta band) prior to or just around the time of the button press. An analysis of the peak times in each trial type that evoked the stronger response (preferred trial type, e.g., contralateral trials for the contralateral type of movement-related power change) revealed that the peak time in the SMA was consistently 2-57 ms earlier than the peak time in the CMAc for the high-gamma and theta bands. These findings regarding the population temporal profiles indicate that the LFPs in the present study were dynamically modified in association with movement execution in area-and band-specific manners.
Relationship of selectivity type between theta and highgamma bands. The present study also analyzed the relationship of selectivity type between the theta and high-gamma bands for each contact; only the contacts with movement-related power increases for both the theta and high-gamma bands were included in this analysis. In the CMAc (Fig. 12A) , the selectivity type of the high-gamma band was biased toward the bilateral type irrespective of the selectivity type of the theta band. In contrast, in the SMA (Fig. 12B) the selectivity of the high-gamma band was biased toward the contralateral type irrespective of the selectivity type of the theta band. For each selectivity type of the theta band, the distributions of the bilateral and contralateral types of the high-gamma band differed between the CMAc and SMA ( 2 -test, P Ͻ 0.0001 each). Next, the relationship of the selectivity strength between the theta and high-gamma bands was analyzed (Fig. 12, C and D) ; only contacts showing movement-related power increases for both the theta and high-gamma bands were included in this analysis. The activity was classified into four groups according to the laterality index of the theta band: group I, which was ipsilateral-dominant (laterality index of theta band: Ϫ1 to Ϫ0.5; n ϭ 38 for CMAc, n ϭ 13 for SMA); group II, which was ipsilateral-preferred (laterality index of theta band: Ϫ0.5 to 0; n ϭ 188 for CMAc; n ϭ 129 for SMA); group III, which was contralateral-preferred (laterality index of theta band: 0 to 0.5; n ϭ 175 for CMAc, n ϭ 186 for SMA); and group IV, which was contralateral-dominant (laterality index of theta band: 0.5 to 1; n ϭ 81 for CMAc, n ϭ 126 for SMA). In group IV, the laterality indexes of the high-gamma bands in the SMA and CMAc were highly skewed toward positive values, which indicates that the selectivity of the high-gamma band was biased toward contralateral hand movement; the median of the laterality index of the high-gamma band in the SMA did not significantly differ from that of the CMAc high-gamma band (Wilcoxon-Mann-Whitney test, P ϭ 0.0779; Fig. 12H ). In contrast, in groups I, II, and III, the laterality indexes for the high-gamma bands in the SMA were highly biased toward the contralateral preference (in Ͻ10% of cases, the value was Ͻ0), whereas the laterality indexes for the high-gamma bands in the CMAc were more broadly distributed toward negative values (i.e., an ipsilateral preference); the medians of the laterality indexes of the high-gamma band in the SMA were significantly greater than those of the CMAc for groups I (Wilcoxon-MannWhitney test, P ϭ 0.0133; Fig. 12E ), II (P Ͻ 0.0001; Fig.  12F ), and III (P ϭ 0.0128; Fig. 12G ).
These results indicate that, regardless of the selectivity of the theta band, the high-gamma band in the SMA preferentially represented contralateral hand movement, whereas the contralateral bias of the high-gamma band in the CMAc was less obvious, except for the theta band of group IV, in which contralateral hand movement was strongly preferred.
Relationship of selectivity type between beta and highgamma bands. The relationship of selectivity type between the beta and high-gamma bands was analyzed in the same manner as the relationship of selectivity type between the theta and high-gamma bands. In the CMAc (Fig. 13A) , the selectivity type of the high-gamma band was biased toward the bilateral type, irrespective of the selectivity type of the beta band. In the SMA (Fig. 13B) , the selectivity type of the high-gamma band was biased toward the contralateral type in the contacts that exhibited the bilateral type for the beta band but not in the contacts that exhibited the contralateral type for the beta band. Comparisons between the CMAc and SMA revealed that the proportion of the bilateral type relative to that of the contralateral type was significantly greater in the CMAc than in the SMA ( 2 -test, P ϭ 0.0396 for contralateral type, P Ͻ 0.0001 for bilateral type). Values are number (%) of contacts classified as contralateral, ipsilateral, and bilateral.
Next, the relationship of selectivity strength between the beta and high-gamma bands was analyzed in the same manner as the relationship of selectivity strength between the theta and high-gamma bands. The selectivity indexes in the high-gamma band exhibited no linear correlations with selectivity indexes in the beta band in either area (Fig. 13, C and D, for CMAc and SMA, respectively). In group II (laterality index of beta band: Ϫ0.5 to 0; n ϭ 183 for CMAc, n ϭ 110 for SMA), group III (laterality index of beta band: 0 to 0.5; n ϭ 318 for CMAc, n ϭ 238 for SMA), and group IV (laterality index of beta band: 0.5 to 1; n ϭ 18 for CMAc, n ϭ 62 for SMA), the laterality indexes for the high-gamma bands in the SMA were highly biased toward a contralateral preference, whereas the laterality indexes for the high-gamma bands in the CMAc were more broadly distributed toward negative values. The medians of the laterality indexes of the high-gamma band in the SMA were significantly greater than those of the CMAc for groups II (Wilcoxon-Mann-Whitney test, P Ͻ 0.0001; Fig. 13F ), III (P Ͻ 0.0001; Fig. 13G ), and IV (P ϭ 0.0236; Fig. 13H ). In group I, a statistical test of the distribution between the areas could not be conducted, as the sample was too small (n ϭ 21 for CMAc, n ϭ 3 for SMA; Fig. 13E ).
These results indicate that, regardless of the selectivity of the beta band, the high-gamma band in the SMA preferentially represented contralateral hand movement, whereas the contralateral bias of the high-gamma band in the CMAc was less evident.
Spatial extent of contralateral, ipsilateral, and bilateral power modulations. We capitalized on the use of the lineararray multichannel electrode to analyze the spatial extent of each selectivity type of movement-related power modulation. We defined field size as the spatial extent of adjacent or next-to-adjacent contacts showing a particular selectivity type along the electrode.
We first analyzed the high-gamma band. In the CMAc, the median field size was 150 m for the bilateral type, Ͻ150 m for the ipsilateral type, and Ͻ150 m for the contralateral type. The median field size of the bilateral type was significantly larger than that of the contralateral type or that of the ipsilateral type (Wilcoxon-Mann-Whitney test, P ϭ 0.0040 for contralateral type vs. bilateral type, P ϭ 0.0235 for ipsilateral type vs. bilateral type). In the SMA, the median field size was 300 m for the bilateral type, Ͻ150 m for the ipsilateral type, and 300 m for the contralateral type. The size of the bilateral type was significantly larger than that of the ipsilateral type (WilcoxonMann-Whitney test, P ϭ 0.0287), whereas there was no difference in median field size between the contralateral type and the ipsilateral type or between the contralateral type and the bilateral type (Wilcoxon-Mann-Whitney test, P Ͼ 0.05 for each comparison).
We next analyzed the theta band. In the CMAc, the median field size was 750 m for the bilateral type, Ͻ150 m for the ipsilateral type, and 450 m for the contralateral type. The size of the bilateral type was significantly larger than that of the ipsilateral type (Wilcoxon-Mann-Whitney test, P ϭ 0.0151), and no difference was observed between the contralateral type and the bilateral type or between the contralateral type and the ipsilateral type (Wilcoxon-Mann-Whitney test, P Ͼ 0.05 for each comparison). In the SMA, the median field size was 750 -900 m for the bilateral type, Ͻ150 m for the ipsilateral type, and 900 m for the contralateral type. No differences in Fig. 5 . Examples of movement-related power modulations in the LFPs. A: power of the high-gamma band in this LFP recorded from the SMA exhibited a greater increase when the monkey executed a button press with the right (contralateral) hand compared with the left (ipsilateral) hand. B: power of the high-gamma band in this LFP recorded from the CMAc exhibited a greater increase when the monkey executed a button press with the left hand compared with the right hand. C: power of the high-gamma band in this LFP recorded from the SMA showed comparable increases for button presses executed by the monkey with either hand. D: power of the theta band in this LFP from the CMAc exhibited a greater increase when the monkey executed a button press with the right hand compared with the left hand. E: power of the theta band in this LFP recorded from the CMAc exhibited a greater increase when the monkey executed a button press with the left hand compared with the right hand. F: power of the theta band in this LFP recorded from the CMAc increased comparably for button presses executed by the monkey with either hand. G: power of the beta band in this LFP recorded from the SMA exhibited a greater decrease when the monkey executed a button press with the right hand compared with the left hand. H: power of the beta band in this LFP recorded from the CMAc exhibited a greater decrease when the monkey executed a button press with the left hand compared with the right hand. I: power of the beta band in this LFP recorded from the CMAc decreased comparably for button presses with either hand. Color plots indicate trial-by-trial power changes (in dB) in right-press (top) and left-press (bottom) trials as illustrated by color scale on right. Line plots indicate mean (ϮSE) power changes in right-press and left-press trials; the power changes are aligned with the button press. size were observed (Wilcoxon-Mann-Whitney test, P Ͼ 0.05 for each comparison).
The beta band was then analyzed. In the CMAc, the median field size was 600 m for the bilateral type, 300 -450 m for the ipsilateral type, and 450 m for the contralateral type. Median field size did not differ among the contralateral, ipsilateral, and bilateral types (Wilcoxon-Mann-Whitney test, P Ͼ 0.05 for each comparison). In the SMA, the median field size was 1,350 m for the bilateral type and Ͻ150 m for the contralateral type. The median field size of the bilateral type was not significantly different from that of the contralateral type (Wilcoxon-Mann-Whitney test, P ϭ 0.1026).
For the high-gamma band, the median field size of the contralateral type in the SMA was larger than that in the CMAc ( Fig. 14A ; Wilcoxon-Mann-Whitney test, P ϭ 0.0007), whereas the sizes of the ipsilateral and bilateral types did not exhibit a significant difference (Fig. 14, B and C; WilcoxonMann-Whitney test, P Ͼ 0.05 for each type). For the theta and beta bands, size did not differ between the SMA and the CMAc for either type (Fig. 14, D-G and I ; Wilcoxon-Mann-Whitney test, P Ͼ 0.05 for each type).
We then compared the field size between the frequency bands for each selectivity type. In the CMAc, for the contralateral and bilateral types, the median field size of the highgamma activity was significantly smaller than that of the theta and beta activities (Wilcoxon-Mann-Whitney test; contralateral type: P ϭ 0.0089 for high-gamma vs. theta band, P Ͻ 0.0001 for high-gamma vs. beta band; bilateral type: P Ͻ 0.0001 for high-gamma vs. theta band, P ϭ 0.0001 for highgamma vs. beta band). In the SMA, for the bilateral type, the median field size of the high-gamma activity was significantly smaller than that of the theta and beta activities (WilcoxonMann-Whitney test, P ϭ 0.0043 for high-gamma vs. theta band, P ϭ 0.0001 for high-gamma vs. beta band). In other comparisons in the CMAc and SMA, the field size did not differ (Wilcoxon-Mann-Whitney test, P Ͼ 0.05 for each comparison).
Finally, we examined the spatial distributions of the contralateral, ipsilateral, and bilateral types for each frequency band along the anterior-posterior and lateral-medial axes. For either frequency band, all of these selectivity types were observed broadly along these axes (data not shown). Thus we did not find evidence for a spatial separation of different selectivity types.
DISCUSSION
The present study investigated LFPs in the CMAc and SMA associated with the execution of hand movement and observed transient power modulations in the high-gamma, theta, and beta bands in both brain areas during movement execution. The power modulations in the CMAc and SMA were found to encode the right and left hand movements in an area-specific manner such that the power increase in the SMA was greater during contralateral hand movement than during ipsilateral hand movement whereas the contralateral bias was less obvious in the CMAc. An analysis of the relationship of the hand preference between the high-gamma, theta, and beta bands for each contact revealed that, regardless of the selectivity of the theta and beta bands, the high-gamma band in the SMA preferentially represented contralateral hand movement, whereas the high-gamma band in the CMAc preferentially represented movement of either hand. These results suggest that the CMAc and SMA employ distinct functional organizations in terms of the execution of hand movements. In the present study, we recorded and analyzed neural activity in only the left hemisphere of the monkeys. Because no lateralization of any function in the right vs. the left hemisphere of monkeys has ever been reported, we expected that the same conclusions would be obtained if neural activities were recorded from the right hemisphere of monkeys. However, further work is needed to elucidate the interhemispheric interactions involved in bimanual movement.
We found power increases in the theta bands that were closely associated with hand movement. One might argue that power increase was spuriously related to movement because the power increase in the theta band was observed for several hundred milliseconds (Fig. 4) , which corresponds to one or two cycles of the theta activity. However, for the following reasons, we believe that the relationship between power increase and movement should not be discounted. First, in ϳ50% of cases, theta activity showed a movement-related power increase. Second, population activity in both the CMAc and SMA was time-locked to the execution of movement. The hippocampus has been shown to exhibit theta oscillation (i.e., continuous oscillatory activity in the theta band) (Buzsáki 2002; Lubenov and Siapas 2009) . In contrast to theta activity in the hippocampus, theta activity in the CMAc and SMA was limited to the movement execution period, with no significant power changes observed during other periods. Thus we concluded that increases in the theta power observed in the CMAc and SMA reflect movement-related slow waves of potential that are distinct from theta oscillation in the hippocampus.
In the present study, we recorded neural activity with reference to the common ground voltage (the metallic coverage of the probe that was connected to the ground) and analyzed the lateral selectivity of the LFP for each contact rather than employing current source density analysis or analyzing signals with reference to neighboring contacts. The use of the common reference could result in apparently high correlations in selectivity among signals recorded from neighboring contacts (150 m apart), thereby potentially inflating the selectivity representation. However, the LFPs that exhibited a particular selectivity type clustered together for only several hundred micrometers (Fig. 14) . Together with the overall variation in selectivity representations, the use of the common reference likely provides an additional source of evidence by revealing functional clusters exhibiting different selectivity types in the motor areas (Chen et al. 2010; Hosaka et al. 2015) . We also found that, except for the contralateral type of the high-gamma band, the spatial extent of LFPs that exhibited a particular selectivity was comparable between the CMAc and SMA (Fig. 14) , suggesting that the ways in which LFPs were sampled did not differ between the CMAc and SMA despite the fact that the electrode was inserted at different angles relative to the cortical layers. Further work is needed to clarify the microarchitectural organization of the CMAc and the SMA.
Representations of movement by high-gamma band. Movement-related high-gamma power increases have been reported in humans and rats in addition to monkeys. In humans, the recording of electrocorticographic (ECoG) signals during hand movements (clenching, releasing a fist, and a palmar pinch) revealed an increase in high-gamma power (Crone et al. 1998; Leuthardt et al. 2004; Miller et al. 2007; Pfurtscheller et al. 2003) . Similarly, LFPs in the primary motor area of rats exhibit an increase in high-gamma power in association with a leverpull movement using the forelimb (Igarashi et al. 2013 ). The present study found that movement-related increases in the power of the high-gamma band were prominent in the SMA and CMAc and that power began to increase well before the onset of muscle activity. Chen et al. (2010) recorded LFPs from the SMA of monkeys while they moved a handlebar with their arm and found that high-gamma power began to increase before movement onset and reached its peak around the time of the movement. These observations suggest that power increases in the high-gamma bands in the SMA and CMAc are involved in the execution of movement. The present study also found that the peak time of high-gamma power was consistently earlier in the SMA than in the CMAc, irrespective of selectivity type. This finding is consistent with the results of previous studies investigating spikes (Nakayama et al. 2015; Russo et al. 2002) ; thus the SMA may play a leading role in action execution when compared with the CMAc.
The present study also found that the laterality representations of hand movements differed between the SMA and CMAc. It was clear that the high-gamma band in the SMA preferentially encoded contralateral hand movement because in 88% (821 of 930) of cases the modulation in this area was greater in association with contralateral hand movement than with ipsilateral hand movement (Fig. 6, B and D) . In contrast, only 62% (588 of 947) of cases in the CMAc showed this property (Fig. 6, A and C) , which indicates that, relative to the SMA, the high-gamma band in this area tended to encode the movement of either hand. The same conclusion was reached by comparing the number of LFPs associated with each hand preference (Table 2) ; these contrasting representations are consistent with the patterns of spiking activity previously observed in the same monkeys (Nakayama et al. 2015) .
Movement-related power decreases in beta power. Previous studies have reported that beta activity in sensorimotor cortices decreases during movement execution in both humans (Crone et al. 1998; Miller et al. 2007 ) and monkeys (Chen et al. 2010; Hosaka et al. 2015; Mackay 1997; Murthy and Fetz 1992; Sanes and Donoghue 1993; ) . Hosaka et al. (2015) showed that the power of the beta band in the SMA of monkeys was greater during movement of the ipsilateral arm than it was during movement of the contralateral arm. The present study extended previous findings by revealing that the magnitude by which beta power decreased in the CMAc and SMA was greater during contralateral hand movements than during ipsilateral hand movements. We further found that the difference in power modulations between the contralateral and ipsilateral hand movements was greater in the SMA than it was in the CMAc, as observed in the high-gamma and theta bands and in neuronal spiking activity (Nakayama et al. 2015) . These findings indicate that the SMA is more specifically involved in contralateral hand movements than the CMAc, whereas the CMAc is more involved than the SMA in the control of movements of either hand.
In patients with Parkinson's disease, which is characterized by the slowness of voluntary movements (bradykinesia) and muscle rigidity, the basal ganglia have been shown to exhibit Fig. 9 . Time courses of population high-gamma power changes: contralateral type (A), ipsilateral type (B), and bilateral type (C) in CMAc and contralateral type (D), ipsilateral type (E), and bilateral type (F) in SMA. Median power changes are separately aligned with the button press for right-press (green) and left-press (orange) trials, and the peak time relative to the button press (ms) is indicated for right-press and left-press trials.
aberrant increases in beta activity (Boraud et al. 2005; Hammond et al. 2007; Jenkinson and Brown 2011; Oswal et al. 2012) . The exaggerated beta activity is suppressed by treatment with dopaminergic drugs and deep brain stimulation, and a reduction in beta activity is positively correlated with improvements in bradykinesia and rigidity (Kühn et al. 2006; Ray et al. 2008a) . In healthy subjects the enhancement of cortical beta activity results in the suppression and slowing of movement (Gilbertson et al. 2005; Joundi et al. 2012; Pogosyan et al. 2009; Swann et al. 2009 ). Furthermore, Chen et al. (2010) showed that the power of the beta band in the SMA of monkeys was positively correlated with reaction times involving arm movements. These results suggest that increased beta power is associated with slower movement. In fact, we found a significant positive correlation between reaction time and beta power in the SMA of one monkey (data not shown).
Relationship of action representations between high-gamma and theta bands: insight into neuronal mechanisms underlying action generation in CMAc and SMA. Similar to the observed increase in high-gamma power, there were increases in theta power in the SMA and CMAc during the movement of either hand. Previous studies have observed an ample representation of theta power in the cingulate cortex. Tsujimoto et al. (2006) showed that theta power in area 32 gradually increased from a few seconds before movement and then reached a peak immediately after movement execution. Voloh et al. (2015) obtained recordings from the anterior cingulate cortex (ACC) and prefrontal cortex (PFC) of monkeys during the covert utilization of attention cues and found that cortical sites providing theta phases were more likely to be observed in the ACC than in the PFC. Because the SMA and CMAc belong to the protogradation that originates from the cingulate cortex (Sanides 1964 (Sanides , 1970 Sanides and Krishnamurti 1967) , it is possible that theta power may be derived from this area or that the CMAc itself may be the source of the theta power of the SMA.
LFPs are yielded by multiple sources of the transmembrane currents of nearby neurons, including postsynaptic currents and currents generated by action potentials . Pioneering studies employing intracellular recordings demonstrated that postsynaptic potentials exhibit modulation that is comparable to the slow waves of surface electroencephalography (EEG) recordings Watanabe et al. 1966) . By simultaneously recording neuronal spikes and slowwave activities with an electrode, it was shown that spiking activity is largely independent of slow-wave activity (Buchwald et al. 1965) . These important findings indicate that LFPs represent the weighted averages of dendrosomatic postsynaptic signals, which reflect input activity to the local area around the electrode (Logothetis 2002; Logothetis et al. 2007; Logothetis and Wandell 2004) . Additionally, several lines of evidence have demonstrated that the high-frequency components of LFPs reflect spiking activity: 1) the high-gamma (ϳ60 Hz to Fig. 10 . Time courses of population theta power changes: contralateral type (A), ipsilateral type (B), and bilateral type (C) in CMAc and contralateral type (D), ipsilateral type (E), and bilateral type (F) in SMA. Median power changes are separately aligned with the button press for right-press and left-press trials, and the peak time relative to the button press (ms) is indicated for right-press and left-press trials.
200 Hz) power of LFPs in the monkey secondary somatosensory cortex was strongly correlated with the average firing rate recorded by the same microelectrodes (Ray et al. 2008c) ; 2) there was a positive correlation between spikes and highgamma LFPs (60 -100 Hz) in the primary visual cortex of monkeys (Belitski et al. 2008) ; 3) LFP signals for frequencies at and greater than the gamma band (Ͼ40 Hz) in the monkey middle temporal area were correlated with perceptual decisions, as was the neuronal firing rate (Liu and Newsome 2006) ; 4) multiunit activity was correlated with high-frequency LFP power in the SMA, and modulations occurred simultaneously for both signals (Chen et al. 2010) ; 5) the decoding accuracies of cue position, allocation of attention, and saccade end point based on the spiking activities were strongly correlated with those based on the high-frequency signals (Ͼ60 Hz) of LFPs in the lateral PFC of monkeys (Tremblay et al. 2015) ; and 6) decoding accuracy when the training of the decoder and the testing were both based on the high-frequency signal of LFPs was comparable to decoding accuracy when the decoder was trained on the spiking signal and the testing was conducted on the high-frequency signal of LFPs (Tremblay et al. 2015) . Taken together, these findings indicate that the high-frequency component of LFPs is a sensitive index of the population firing rate near the microelectrode (Ray et al. 2008c ) and can provide a proxy for the assessment of neuronal outputs ), whereas the low-frequency component of LFPs, including theta power, may be a sensitive marker of the dendrosomatic postsynaptic signals themselves, which can provide a proxy for the assessment of neuronal inputs.
In the present study, the theta band in the CMAc most frequently showed selectivity for movement of either hand, although individual differences were found with respect to laterality selectivity (it was contralaterally biased in monkey 1 and balanced between the contralateral and bilateral sides in monkey 2). These differences in the laterality selectivity of the theta band may reflect individual differences in hand preference or strategies related to hand use. Despite these individual differences, however, comparisons of brain areas in each monkey revealed that the SMA was more biased than the CMAc toward contralateral movement. These results were interpreted to mean that, relative to the SMA, the CMAc received inputs concerning the movement of the bilateral hands. Regarding the selectivity of the high-gamma band in the CMAc, there was a prominent bilateral preference, but the bias for the contralateral preference was smaller than that of the SMA. A previous study from our research group (Nakayama et al. 2015) reported that CMAc neurons representing contralateral hand movement, ipsilateral hand movement, and movement of either hand are intermingled, which suggests that neurons with distinct hand preferences exist around the contact in which the high-gamma band showed a bilateral preference. Furthermore, an analysis of the relationship of the selectivity between the theta and highgamma bands revealed that, irrespective of the preference of the theta band, the high-gamma bands from the same contacts Fig. 11 . Time courses of population beta power changes: contralateral type (A), ipsilateral type (B), and bilateral type (C) in CMAc and contralateral type (D) and bilateral type (E) in SMA. Median power changes are separately aligned with the button press for right-press and left-press trials, and the peak time relative to the button press (ms) is indicated for right-press and left-press trials.
tended to exhibit bilateral preferences. This suggests that the CMAc emits signals to generate movement by either hand upon receiving inputs concerning the movement of both hands.
In the SMA, the theta band was characterized by comparable power increases during contralateral and ipsilateral hand movements (monkey 2) and by power increases during contralateral hand movements (monkey 1). These findings indicate that the SMA received inputs regarding the movements of bilateral hands or of contralateral hands. In contrast, the contralateral preference was predominant for the high-gamma band, and the distribution of the laterality index in this frequency range was highly skewed to the contralateral preference. Furthermore, irrespective of the selectivity of the theta band, the highgamma band from the same contact tended to exhibit a con- Fig. 12 . A and B: relationships of selectivity types between the theta and high-gamma bands of identical contacts in the CMAc (A) and SMA (B). The area of each circle is proportional to the actual number of contacts with the selectivity combination of the theta band and high-gamma band. C and D: relationships of laterality indexes between the theta and high-gamma bands of identical contacts in the CMAc (C) and SMA (D). x-Axis: laterality index of the theta band; y-axis: laterality index of the high-gamma band. Each marker corresponds to a single contact; the color of each marker indicates the classification of the selectivity of the theta band, and the shape of each marker indicates the classification of the selectivity of the high-gamma band. E-H: cumulative distributions of laterality indexes of movement-related power increases in the high-gamma band for group I (ipsilateral-dominant; laterality index of theta band: Ϫ1 to Ϫ0.5; E), group II (ipsilateral-preferred; laterality index of theta band: Ϫ0.5 to 0; F), group III (contralateral-preferred; laterality index of theta band: 0 to 0.5; G), and group IV (contralateral-dominant; laterality index of theta band: 0.5 to 1; H). P values indicate results of the statistical analysis (Wilcoxon-Mann-Whitney test) between the CMAc and SMA. *Significant difference between areas with respect to median field size (P Ͻ 0.05).
tralateral preference in the present study. Taken together, these findings suggest that the SMA generates movement signals for the contralateral hand based on the receipt of inputs concerning the movement of both hands or the contralateral hand.
The type of information represented by theta power remains to be determined. The present study found that a majority of theta powers in the SMA and CMAc were similarly active in association with movement of either hand. Here we consider two possibilities concerning the functional roles of this type of activity. First, bilateral theta activity may represent a general intention or urge signal for the generation of movement because lesions of the mesial frontal lobe result in the loss of motor intention Thaler et al. 1995) . In fact, the neural correlates of the intention or urge signal have been Fig. 13 . A and B: relationships of selectivity types between the beta and high-gamma bands of identical contacts in the CMAc (A) and SMA (B). The area of each circle is proportional to the actual number of contacts with the selectivity combination of the beta band and high-gamma band. C and D: relationships of laterality indexes between the beta and high-gamma bands of identical contacts in the CMAc (C) and SMA (D). x-Axis: laterality index of the beta band; y-axis: laterality index of the high-gamma band. Each marker corresponds to a single contact; the color of each marker indicates the classification of the selectivity of the beta band, and the shape of each marker indicates the classification of the selectivity of the high-gamma band. E-H: cumulative distributions of laterality indexes of movement-related power increases in the high-gamma band for group I (ipsilateral-dominant; laterality index of theta band: Ϫ1 to Ϫ0.5; E), group II (ipsilateral-preferred; laterality index of theta band: Ϫ0.5 to 0; F), group III (contralateral-preferred; laterality index of theta band: 0 to 0.5; G), and group IV (contralateral-dominant; laterality index of theta band: 0.5 to 1; H). P values indicate results of the statistical analysis (Wilcoxon-Mann-Whitney test) between the CMAc and SMA. *Significant difference between areas with respect to median field size (P Ͻ 0.05).
identified in the CMA (Cunnington et al. 2002; Fried et al. 2011; Hoshi et al. 2005; Tsujimoto et al. 1998) , SMA (Casini and Vidal 2011; Fried et al. 2011; Mita et al. 2009 ), and dorsal premotor cortex (Thura and Cisek 2014) . Regarding the highgamma band, its modulation in the CMAc was much more bilateral than in the SMA, which suggests that the CMAc may transform the general intention or urge signal into the command to commit an action for either hand, whereas the SMA may transform the general intention or urge signal into the command for controlling contralateral hand movement. This view is consistent with Paus' model, which proposes that the CMA supports the translation of intention into action (Paus 2001) . The second possibility is that bilateral theta activity may represent inputs concerning ongoing movements, such as response vigor or muscle activity. The importance of the realtime processing of unfolding movements has been substantiated in patients with basal ganglia dysfunction. For example, Parkinsonian patients have difficulty maintaining the scale of movements, as evidenced by their handwriting becoming progressively smaller (micrographia; Oliveira et al. 1997) . To explain the deficits that result from basal ganglia dysfunction, Turner and Desmurget (2010) proposed that the basal ganglia encode movement vigor. Because the medial motor areas receive numerous inputs from the basal ganglia, it is possible that the CMAc and SMA process the incoming vigor signals from these areas and transform them into motor commands that maintain ongoing movement. The SMA and CMAc also receive information concerning muscle activity and sensory feedback (Brinkman and Porter 1979; Takada et al. 2001; Wise and Tanji 1981) , which raises the intriguing possibility that the SMA and CMAc may play important roles in matching movement vigor with an unfolding movement. In the present study, the modulation of theta power tended to follow that of highgamma power, which lends support to the second possibility. However, the first possibility is still plausible if theta power provides the CMAc and SMA with the general intention or urge signal primarily during movement, particularly when movement is promptly executed in response to the go and instruction signal, as it was in the present study. Although these hypotheses are highly speculative, further investigation of these alternatives would aid in the elucidation of the neural processes underlying the control of movement of either hand.
Finally, with respect to the interaction between theta and high-gamma bands, previous studies have shown that the timing and magnitude of gamma and high-gamma activity in various brain regions are modulated by theta activity. For example, slow gamma (30 -50 Hz) and fast gamma (60 -120 Hz) activity in the rat primary motor cortex were phase-locked to theta activity (Igarashi et al. 2013) , as were theta and gamma oscillations in the hippocampus (Belluscio et al. 2012; Sirota et al. 2008) . Similarly, the phase of the theta rhythm (4 -8 Hz) modulated power in the high-gamma band (80 -150 Hz) of ECoG signals recorded in the human sensory and motor cortices (Canolty et al. 2006 recordings from the ACC and PFC of monkeys during the covert utilization of attentional cues and found robust increases in the theta (5-10 Hz) to gamma (35-55 Hz) phase-amplitude correlation between these areas. Furthermore, Womelsdorf et al. (2010) revealed that theta activity in the ACC encoded task rules (pro-vs. antisaccade) and that spikes were synchronized to theta activity, which indicates that the theta cycle serves as a temporal reference for the coordination of local task-selective computations. On the basis of these findings, we attempted to detect an interaction between the theta and high-gamma bands, but the present data set did not exhibit a significant phase-amplitude correlation between theta and high-gamma activity (data not shown). Further studies are needed to clarify these issues. Likewise, the temporal correlation between LFPs and spiking activities has been shown to play an important role in various neural functions, including perception, memory, and motor control (Chalk et al. 2010; Hagan et al. 2012; Liebe et al. 2012 ). The temporal relationship between the LFPs and spiking activities in the present study is under analysis. Findings regarding the relationship between the LFPs and spiking activities will be the subject of a future report.
Distinct microarchitectural organization of CMAc and SMA. We took advantage of the linear-array multicontact electrode to analyze the spatial extent of each selectivity type of movementrelated power modulation. For the theta and beta bands, we did not find differences in the spread of selectivity representation, indicating that the basic neural organization is comparable between the CMAc and SMA with respect to the reception of input signals. In contrast, for the high-gamma band, we found that the spatial extent of the contralateral type in the SMA was larger than that in the CMAc, suggesting that fields that preferentially output contralateral hand movement prevail to a greater extent in the SMA than they do in the CMAc. Our previous study of neuronal spikes (Nakayama et al. 2015) revealed that neurons of uniform selectivity types tended to form clusters in the SMA, whereas neurons of different selectivity types were distributed homogeneously in the CMAc. These results indicate that the organization of the CMAc is more suitable than that of the SMA for outputting contralateral and ipsilateral hand movements with comparable weights, whereas the organization of the SMA is more heavily biased toward contralateral hand movements. The spatial extent of the bilateral preference was comparable between the SMA and CMAc. Since a substantial proportion of neurons in these areas were active in relation to the movement of either hand, this suggests that both areas are important for the control of bilateral movement and that they share some similar principles with respect to such movement. Furthermore, we found that the spatial extent of the high-gamma activity tended to be smaller than that of the theta and beta activities in both areas. This finding is consistent with a previous report showing that in the cerebral cortex (area 5-7) of cats the gamma band or spiking activity exhibited a correlation over more restricted distances than the slow waves (Ͻ4 Hz) (Destexhe et al. 1999) . Altogether, the findings of the present study may provide an implication for neural input-output organization in the CMAc and SMA; neural inputs coming into these areas broadly are convergent to generate outputs in selected neurons or neural circuits.
